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Reduced spin transfer torque switching current density with non-collinear polarizer layer magnetization in magnetic multilayer systems Through micromagnetic simulations, it was found that the spin transfer torque (STT) switching current density is reduced with non-collinear polarizer layer magnetization. The dependence of the switching current density on the polarizer layer magnetization angle was investigated, and a typical magnetic tunneling junction structure with an exchange biased synthetic ferrimagnetic polarizer layers was considered. The easy axis of the polarizer layer was varied through controlling the exchange bias field direction in the ellipse cross-section nano-pillar structures. It was found that the switching current density was reduced by 39% when the exchange bias field was 10 from the long axis of the ellipse without the perpendicular STT. When the effect of the perpendicular STT was included, the switching current reductions were general for the non-collinear polarizer layer. In the development of the spin transfer torque magnetic random access memory (STT-MRAM), the reduction of the switching current density is a primary research issue. Since the current induced magnetization switching (CIMS) by STT is an angular momenta deposition process from the polarizer to the switching layers, or vice versa, 1,2 it always requires huge number of electrons and causes a serious hurdle in the realization of STT-MRAM. 3, 4 Therefore, many approaches for the reduction of the switching current density through optimization of the structures and magnetic properties of the switching layer have been reported. [5] [6] [7] [8] [9] [10] [11] It is well-known that the switching current density depends on the Gilbert damping constant, magnetization, thickness, spin polarization, and magnetic anisotropy of the free layer; thus, most research has focused on the optimization of the free layer magnetic properties and structures.
In this study, a method for reducing the switching current density, J c , is proposed by introducing a non-collinear polarizer layer. It is believed that the magnitude of STT in the magnetic tunneling junction (MTJ) is directly proportional to sin h, where h is the angle between the magnetization directions of the switching (S) and polarizer (P) layers. This implies that the magnitude of the STT is zero (or maximum), when the magnetizations of the S and P layers are collinear (or perpendicular). Therefore, the collinear configuration, either parallel (P) or anti-parallel (AP), cannot generate a finite STT. In a real system, the finite temperature generates thermal agitation of the magnetization, resulting in the magnetic configuration never being in a true collinear state. However, the non-collinear angles of the thermal agitation are not large at room temperature, and the deviation is random from spin to spin. 12 Therefore, the generated STTs have both signs for each spin in order that the average STT is not large. Therefore, if a finite non-collinear configuration is introduced, the STT performs more efficiently and the J c can be reduced.
In order to reduce the J c , finite non-collinear configurations are introduced with tilted exchange bias fields in the synthetic ferrimagnetic (SyF) structure. The SyF layer acts as a polarizer layer in the ellipse shape nano-pillar structures. 13 Using the shape anisotropy, the easy axes of the P and S layers are parallel to the long axis of the ellipse without other anisotropy energies. However, when the finite exchange bias field is considered with a tilted angle from the long axis of the ellipse, the easy axis of the P layer can be deviated and the collinear state with the S layer never occurs. In this study, using micromagnetic simulations, it was found that the J c was reduced by 39% when the exchange bias field was 10 from the long axis of the ellipse. It must be noted that similar approaches have been already reported. [14] [15] [16] In these studies, an external magnetic field was applied to the short axis of the ellipse (hard axis), and a reduction of the switching time, lower J c , and reproducibility of the switching duration were obtained. These studies are similar to the present work; however, there are several different points and advantages in the present work. In the previous studies, the hard axis magnetic field not only reduced the energy barrier of the free layer, but also introduced a finite initial angle in the free layer, resulting in a lower J c being achieved with the hard axis direction external magnetic field.
14 According to Devolder, 16 the reproducibility was increased by removing the source of the switching error (i.e., jitter) with the hard axis external field. In this work, the exchange bias is introduced at the pinned layer by employing an antiferromagnetic layer, which is significantly easier to implement in real devices. Furthermore, the underlying physics of the previous work reduces the energy barrier; however, the energy barrier in this work is not affected by the non-collinear spin configuration of the polarizer layer. The primary ingredient of the current work is the effective initiation of the STT induced spin dynamics. Figure 1 shows the magnetic multilayer stack structure from this study. The micromagnetic simulations were performed using an Object Oriented MicroMagnetic Framework (OOMMF). 17 The public STT extension module was used to enable the STT micromagnetic simulations. 18 A typical STT-MRAM structure with an exchange biased SyF layer ( . For simplicity, crystalline anisotropy energy was not considered in this study. The exchange stiffness constant A was set as 2.0 Â 10 À11 J/m, and the Gilbert damping constants a is 0.02. The exchange bias field of 4 Â 10 5 A/m is assigned to the / ex direction from the long axis of the ellipse (þx direction) for the F 3 layer.
When the exchange bias field dominates the shape anisotropy field, the average magnetization angle of the F 3 layer was tilted from the þx direction by / 3 , which is determined through the competition between the exchange bias field and shape anisotropy field. Thus, / 3 can be similar or different to / ex depending on the shape anisotropy and exchange bias. For the given material parameters and structure size, / 3 was determined in the micromagnetic simulations through the energy minimization processes. Due to the strong antiferromagnetic interlayer exchange coupling energy À1 Â 10 À3 J/m 2 between the F 2 and F 3 layers, the average magnetization angle of the F 2 layer as also tilted by / 2 % À/ 3 . Even though a SyF system with the same thicknesses of the F 2 and F 3 layers was used, there is a finite stray field in the F 1 layer region. The finite stray field manifests itself through the shift of the magnetization hysteresis loop (see Fig. 2 , respectively. The magnetization configuration of the F 3 layer as determined using the competition between the finite exchange bias and shape anisotropy energies. Furthermore, those for the F 2 layer were determined using the strong antiferromagnetic interlayer exchange coupling with the F 3 layer. For the / ex ¼ 5 case, the tilted angle was not clear at the edge region due to the relatively strong shape anisotropy, while the tilted magnetization was more clearly seen in the center region in Figs. 2(b) and 2(c). The magnetization configuration of the F 1 layer does not appear to be affected by the F 2 and F 3 layers.
For the / ex ¼ 20 case, the tiled angle is clearly seen in the edge and center regions as shown in Figs. 2(e) and 2(f) . Furthermore, Fig. 2(d) shows the magnetic configurations of the F 1 layer, which were tilted by the stray fields from the F 2 and F 3 layers. It must be noted that the average tilting angle of the F 1 layer is opposite to / 2 , so / 1 $ À/ 2 . Furthermore, this tilting angle increases the non-collinearity and causes a more effective STT. Therefore, the stray field strength must be addressed in order to optimize the non-collinear polarizer layer effect.
Therefore, / ex was varied from 0 to 60 , and the micromagnetic simulations were performed in order to find the J c . The results are depicted in Fig. 3 . First, the perpendicular STT was excluded for simplicity. When / ex ¼ 0, a J c of 2.7 Â 10 11 A/m 2 was found, while J c was reduced to 1.65 Â 10 11 A/m 2 for / ex ¼ 10 and 15 . This corresponds to 39% reduction of the J c . This result is the key result of the present study. The J c as reduced with / ex , and it reached a minimum value around 10 and 15 , and then increased again. For a larger / ex (> 30 ), the J c was larger than J c (/ ex ¼ 0 ). Now, the behavior of the J c as a function / ex is briefly explained. The initial guess conjectured that the STT would be more effective for the non-collinear polarizer layer, as a result of its sin h dependence. However, it was found that J c ðhÞ ¼ J c ð0Þ=cosðhÞ based on the macro-spin model with the non-collinear polarizer layer; here, h is the angle between the magnetization directions of the S and P layers. This implies that the J c is an increasing function of / ex ($ h). This provides a rationale for J c increasing with larger / ex values. Therefore, the initial reduction mechanism is not as simple as the first insight; therefore, the physical origin of the reduction must be addressed more carefully. 20 This reduction due to the non-collinear configuration is valid when the perpendicular STT is included. Because the bias dependence of the perpendicular STT is remains controversial, 11, 19, [21] [22] [23] Fig. 3 .
In contrast to the zero perpendicular STT case, the minima are not very clear; however, noticeable reductions were found for both signs of the perpendicular STT. The overall reduction of J c can be explained as follows. The role of the perpendicular STT is an effective field in the direction of the polarizer layer. Therefore, the effective field can be divided into two components (parallel and perpendicular components) along the long axis of the ellipse. The perpendicular term reduces the energy barrier despite its sign, while the parallel term assisting or discouraging the energy barrier depends on its sign. Furthermore, while the perpendicular component is effective in reducing the energy barrier even for small magnitude, [14] [15] [16] the parallel term has only minor role because it is too small compared with the magnetization. 10 Therefore, the overall reduction with the perpendicular STT is understandable.
It is pertinent to further investigate the details of the spin dynamics without the perpendicular STT. The time dependent average magnetizations of the F 1 layer for various / ex with a fixed current density of 2. Fig. 4(a) , and it was found that there were oscillations, but no switching at 0 and 30 . The results were replotted within 3.5 ns in order to investigate the results in more detail. For the switching cases (/ ex ¼ 5, 10, 15, and 20 ), the oscillation starts immediately with noticeable amplitudes, and the amplitudes are rapidly amplified. All switching are occurred around 2.0 ns. At 15 , the fastest switching was seen, and at 10 and 20 , the next fastest switching was seen; the 5 switches were slower. The switching speed appears to be related to the J c for each degree with the lowest J c having the shortest switching time for a given current density. It was found that the 30 scenario began oscillating first with the largest amplitude, despite
). However, switching never occurred for / ex ¼ 30 . For / ex ¼ 0 , the initial oscillation amplitude was very small compared with the others and the amplitude began to increase after 3.0 ns. It must be noted that the oscillation of 0 is related the formation of the C-and S-type domain structures, 18 while switching occurred with coherent rotations or oscillations for the finite / ex , as shown in the insets of Fig. 4(b) . Furthermore, such different switching mechanisms were related to the underlying physics of the J c reduction.
Before constructing conclusions, it must be noted that the angular dependence of STT is not a simple sinh function, because the large TMR induces a non-uniform current density with a given bias voltage. Therefore, the tunneling current density itself depends on h. However, the extra angular dependence was ignored in this study for simplicity. Furthermore, it is true that the STT is zero for the collinear configuration even if the non-uniform tunneling current density is considered; thus, the result presented here remains valid.
Furthermore, it must be noted that the present study has been undertaken at a temperature of zero. As mentioned above, the finite temperature causes thermal agitation and generates finite non-collinear configurations. However, the primary effect of the thermal energy can be explained using the thermal assisted switching model, 23 where J c0 is the switching current density at a temperature of zero, E B is the energy barrier, k B T is the thermal energy of the system, f 0 is the attempt frequency, and t p is the pulse width. Because the thermally assisted model is valid for general energy barriers, it does not consider the details of the energy barrier, and many experimental observations are well explained using the thermally assisted switching model. Therefore, even though the results of this study were obtained at a temperature of zero, they can be extended to finite temperature cases, when the temperature is much smaller than the Curie temperature.
In conclusion, a reduction of the switching current density was proposed by introducing a non-collinear polarizer layer. The tilted polarizer magnetization direction was established with the tilted exchange bias field. The switching current density was reduced by 39% compared with the collinear configurations. This reduction can be achieved by more effective initiations of the STT using the non-collinear magnetization configuration between the switching and polarizer layers.
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